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FOREWORD

The test described herein was conducted from April 2
to April 5, 1963 under NASA Apollo contract NAS9-150,
This report was prepared in accordance with Para-
graph 5.5, Exhibit I.

The report was prepared by G. A, Udvardy of the
Experimental Aerodynamics Unit, Space and
Information Systems Division of North American

Aviation, Inc,
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ABSTRACT

Heat transfer distributions were measured on

0. 045-scale models of the Apolic spacecraft at a Mach
number of 10 through a Reynolds number range of
190, 700 to 1,386,000 {(based on maximum command
module diameter). The angle-of-attack range for
the test was 0 to 15 degrees for the launch configuration

. and 180 to 130 degrees for the entry configuration. A
boundary layer trip was employed on the conical portion
of the command module for the launch configuration
without LES motor and tower, and on the heat shield for
the entry configuration. Oil flow photos were taken of
all configurations at several angles of attack.

The results of the test are presented in the form of
plotted and tabulated data. Some qualifications and
general observations of the data are also made.
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NOMENCLATURE

Symbols used in the tests are defined as follows:

b Model skin thickness, ft

c Specific heat or model material, BTU/(lbm) (°R)

Cn Specific heat of air stream, BTU/(slug) (°R)

D Model characteristic length, ft

H Enthalpy, BTU/1b

h Heat transfer coefficient, BTU/(ftZ) (sec) (°R)

k Coefficient of conductivity of model skin, BTU/(ftZ) (°R)
‘ M Mach number

Nu Nusselt number

P Pressure, psia

(.'1 Heat transfer rate, BTU/(ftZ) (sec)

r Radius of command module at maximum section, in,

Re Reynolds number

s Distance of thermocouple from center of (1) entry face

of command module (C2), and (2) apex on both the C2S2
and HL-1B configurations, measured along surface, in.

s/r Nondimensional reference length

s/r* Nondimensional reference length with s measured from
thermocouple number 4 (H-2 model only)

St Stanton number

o e - i - =SSMbRihinh=
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T Temperature, °R

t Time, sec

\' Velocity, ft/sec

W Density of model skin, lbm/f’c3

o Angle between model centerline and wind vector, degrees

a = 0 degrees, apex forward

os Angle between reference sting centerline and wind vector,
degrees
e Angle between command module centerline and reference

sting centerline, degrees

I Viscosity of air stream, le sec/ft2
3
p Density of air stream, slug/ft
¢ Angle between meridian lines on which thermocouples are

located, degrees

© Roll angle about sting centerline, degrees

Subscripts used in the tests are as follows:

0 Tunnel free stream conditions
° Tunnel stagnation conditions
w Model wall conditions

STOR  Aerodynamic heating losses not accounted ior

AERO Aerodynamic

TV @fbibhigt A
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INTRODUCTION

The Apollo heat transfer test program has been designed to obtain
heat transfer data through the entire range of Reynolds numbers and Mach
‘numbers during both the launch and entry sequence of the Apollo spacecraft
flight., However, due to limitations of the existing testing facilities, only
parts of the entire flight range can be simulated in any one facility.

A wind tunnel test of 0. 045-scale Apollo heat transfer models of the
command module (H-2) and of the spacecraft plus the S-IVB adapter (HL-1B)
was conducted in Tunnel C of the von Karman Gas Dynamics Facility, Arnold
Engineering and Development Center from 2 April through 4 April 1963.

This was the fourth in the H-2 series of Apollo heat transfer tests that are
1—...“,54 T wra

us facilities. (See References 1, 2, and 3.)

The primary objectives of the test were to determine the following:

1. The effect on the heat transfer distribution over the launch con-
figuration of the addition of strakes on the command module and
reaction control system rockets on the service module

2. The heat transfer distribution over the afterbody of the command
module with and without strakes

3. The heat transfer distributions over the entry face and afterbody
of the command module with and without a boundary layer trip

4. With the sting located on the windward side of command module
afterbody, determine lee side heating rates

5. Induce transition to turbulent flow by means of a boundary layer
trip near the apex of the command module plus service module
configuration

Oil flow visualization photographs of the various model configurations
at several angles of attack were also obtained.

Heat transfer data were obtained at M = 10 over a Reynolds number
range of 197,000 to 1,388,000 (based on maximum command module diam-
eter) for the entry configuration, and for the launch configuration over a
Reynolds number range of 197,000 to 1,155,000. The flight regime simu-
lated in this test is shown in Figure 1. The angle of attack of the launch

F S1- T
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configuration was varied from 0 to 15 degrees and the entry configuration
from 180 to 130 degrees. The entry configuration was also tested in the yaw
‘plane through a range of 0 to 10 degrees angle of sideslip at 147 degrees
angle of attack.

The results of the test are presented in the form of plotted data which
show the heat transfer coefficient ratio and the heat transfer rate distribu-
tion over every configuration tested. Summary plots are also presented
showing the effect of the various model components on the heat transfer
rate distribution over the models. Tabulated test results are also
presented.

-2 SOSENGALA
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I. MODEL DESCRIPTION

GENERAL

Three 0.045-scale models of the Apollo vehicle were tested. The con-
figurations were the command module with strakes in the entry position (Cj),
the command (with strakes) and service modules (C,S;), and the launch con-
figuration HL-1B. The HL-1B model includes the escape rocket, tower,
command module, strakes, service module, reaction control system
rockets, adapter connecting the service module to the instrumentation unit,
instrumentation unit, and the Saturn S-IVBbooster stage to Station 1039. A
sketch showing the basic dimensions of the models is presented in Figure 2.
Figure 3 shows all the configurations tested with their NAA and AEDC
designations. Table 1l lists the dimensions of the various model components.
Photographs of the assembled models are shown in Figures 4 through 7.
Figure 8 is two photographs showing the command module model components
and the module assembled on the sting.

’ The models were of thin-skin construction (0. 040-inch), with the body
shells fabricated from Inconel X. The model body shells were thermally
insulated from all body support structure. The insulation material used was
Electrobestos. A sketch showing a typical model shell support is presented
in Figure 9. Complete model drawings are contained in Reference 4.

Boundary layer trips were used on the entry face of the entry configu-
ration and on the conical surface of the cormmand module plus service
module configuration. The trips were 0.069-diameter stainless steel
spheres, spot welded to the surface of the models. Figures 6 and 7 show
the trips installed on the models.

The strake-on configuration utilized one instrumented and one inert
strake. The noninstrumented strake was constructed of 310 stainless steel,
thermally insulated from the model by layer of silicon glass laminate. The
instrumented strake was a sandwich type of construction using two layers of
310 stainless steel separated by a layer of silicon glass laminate. Thermo-
couples were mounted on 0. 020-inch thick stainless steel. The silicon glass
laminate was 0.065-inch thick cut out so that the stainless could be inlaid.
Figure 9 shows the installation and construction of the instrumented strake.

Service module reaction control motors were installed on the HL-1B
and on the command plus service module models during part of the test.
‘ They are locaied just aft of the command-service module joint on the

&
. - 3- = SONEDENTR

SID 63-1135



NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION
SOONNDENNRL., .

7.5-, 97.5-, 187.5-, and 277.5-degree meridian planes. Figure 10 shows
a sketch of the motors and their installation.

INSTRUMENTATION

The temperature of the model skin was monitored by ninety-eight
30-gauge constantan thermocouples, fusion welded to the inside surface of
the model shell. A typical thermocouple installation is shown in Figure 8.
The thermocouples were located on the models within £0.01 inch of the
dimensions shown in Figures 11 and 12. Figure 13 is a photograph of the
instrumentation on the entry configuration. The model shell thickness (b)
at each thermocouple location is listed in Tables 2, 3, and 4, along with
the s/r and s*/r values for each thermocouple. The b values were obtained
by averaging the measured values after the thermocouples were installed.

INSTALLATION

The entry configuration (H-2) was installed in the tunnel using the
AEDC 12- and 50-degree split stings and the 22-degree offset sting. With
this sting arrangement, the angle-of-attack range obtained was 180 to
126 degrees. The HL-1B and the command-service module configurations
were installed in the tunnel using the 22- and 34-degree offset stings, allow-
ing a -27- to 3-degree angle-of-attack range. A sketch showing the sting '
arrangement and angle range for the entry configuration is presented in
Figure 14. Complete installation procedures for the heat transfer models
are presented in Reference 5. A photograph of the launch configuration
(HL-1B) mounted on the injector is presented in Figure 15.

SID 63-1135
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1, TEST DESCRIPTION

TEST FACILITIES

The test was conducted in Tunnel C of the von Karman Gas Dynamics
Facility, Arnold Engineering Development Center. Tunnel C is a 50-inch-
diameter, continuous, closed-circuit, variable-density wind tunnel
equipped with an axisymmetric, contoured nozzle. The tunnel is designed
to operate at a Mach number of 10 through a range of stagnation pressures
from 175 to 2400 psi, with stagnation temperatures as high as 1500 F.

The tunnel-model support system is designed so that the model can be
retracted from the test section into a cooling tank for model change,
modification, or for cooling heat transfer models. When the model is in the
retracted position the tank is sealed from the tunnel and tunnel airflow is
maintained. When the model is in the test position the tank is evacuated to

approximately free-stream static pressure.

In either the retracted or extended positions, the models can be
. pitched %15 degrees with a straight sting and rolled 180 degrees about the
sting axis. Using a variety of stings and adapters which are available at
the tunnel, coupled with the roll mechanism, various model attitudes in
pitch, yaw, and roll may be attained.

Additional information concerning the operation of the tunnel is pre-
sented in Reference 6.

TEST PROCEDURE

Transient heat transfer data were obtained by reducing the model wall
temperature to approximately 20 F (isothermal conditions) then introducing
the model into the hot airstream and recording the change in skin tempera-
ture with time. Model exposure time varied from 7 to 10 seconds. Cooling
time varied from 2 to 4 minutes after each run. Cooling was accomplished
by retracting the model into the cooling tank and blowing compressed air
over it.

Oil-flow visualization photos were obtained by: spraying the model
with a fine coat of fluorescent impregnated oil in the cooling tank; injecting
the model into the stream; and photographing the flow of oil with a motion
picture camera.

4

SID 63-1135



NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

Ll Gaee . -mesabtB®

Nominal tunnel test conditions are presented in the following

tabulation:
Condition Po (psi) To (° R) | Re/inch x 107°
1 215 1670 0.27
2 460 1750 0.54
3 750 1805 0.83
4 1285 1865 1.33
5 1645 1885 1. 66
6 2000 1900 2.00

A run summary listing the runs by configuration, test group, angle of
attack and Reynolds number is presented in Table 4.

DATA REDUCTION

The heating rates and heat transfer coefficient data were obtained
using the standard AEDC data reduction equations for heat transfer tests.
The heat transfer parameters obtained from the model temperature-time
data were heat transfer rate Q, heat transfer coefficient h, Stanton num-
ber St, and Nusselt number Nu. The general equations used to reduce the
data were:

_ dTw BTU
Qstor = WPe g 2 (1)
Ft sec
h% N QSTOR LB 2)
STOR H -H 2
o w Ft sec
where 2
Vv BTU
- = + — - —_—
Ho Hw <C o To 2gJ> P w LB (3)
" _ QSTOR BTU (4)
STOR -~ T -T 2
w Ft sec °R
St - _hSTOR 5
STOR ~ P_V, C (5)
pOO
h D
STOR
Nua = ——— (6)

SO ~SONRBENIT)
®oritace L e
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Model wall thickness, (b), (Tables 2, 3, and 4) and material density
(493 pounds per cubic foot) can be considered constants in equation (1);
however, the specific heat of the model skin is a function of temperature.
The variation of the specific heat of the model skin as a function of model
wall temperature is shown in Figure 16.

Five heat transfer data points are computed for each run. The basis
for all the heat transfer data is the temperature-time data. These data are
recorded every 0. 05 seconds starting at the moment the model starts its
movement into the tunnel from the cooling tank, and ceases to be recorded
at the instant the model starts its movement back into the cooling tank.
When the model reaches tunnel centerline, the next 21 temperature time
data points are fitted with a least squares parabolic curve. At the center of
this curve (the eleventh time-data point) a A dT,/dt is evaluated and used to
compute the first heat transfer data point. The second heat transfer data
point is determined by using the next 21 temperature-time data points. The
initial temperature-time data point for the second heat transfer data point
is the eleventh point of the preceding heat transfer data peini. This
sequence is repeated for the next three data points, which are 0.50 seconds
apart. The tabulated data for the five times are listed in Appendix B.

A Beckman 210 data acquisition system was used to record the
temperature-time data from each run on magnetic tape. The magnetic tape
was then programmed into an IBM 7070 digital computer that reduced the
temperature-time data to heat transfer parameters. These valves, along
with the tunnel operating parameters, were printed out on both magnetic
tape and tabulated data sheets. The magnetic tapes containing the reduced
data were then programmed into an IBM 7090 digital computer for conver-
sion to a machine plotting format. This format was used with an SC-4020
plotter to obtain the machine plotted curves that appear in Appendix A.

A block diagram of the data reduction system is shown in Figure 17.

RESULTS

The results of the test are presented in plotted form in Appendix A
and tabular form in Appendix B. The plotted heat transfer data are included
in pages A-1 through A-997, and tabulated on pages B-1 through B-861.
Appendix A is broken up into two volumes; Volumes 2 and 3. Each volume
has a plotted data index. Heat transfer plots contain Q and H/Hg versus
s/r and s/r*. Appendix B is contained in Volumes 4, 5, and 6. Each
volume has a tabulated data index.

The Hp values for the launch configuration are the H values (heat
transfer coefficient) obtained during the test at zero-degrees angle of attack
for thermocouple number one on the command-service module configuration.
This was done for each Reynolds number tested. Stagnation point heat

-7 .
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transfer coefficients that were used as the reference values for all entry .
configurations curves were obtained by extrapolation. Test values could not

be used because of data scatter in the stagnation region of the model at

@ = 180 degrees. Theoretical stagnation point heat transfer coefficients

could not be used because of differences in the level of test data from one

test to another.

Stagnation point heat transfer rates were determined by plotting
curves of Q versus angle of attack for the number one thermocouple located
in the geometric center of the entry face, and by extrapolating the value of
Qat o = 156 degrees to @ = 180 degrees. Lees distribution for a hemi-
sphere (Reference 10) was used to fit the test data (since the command
module in the heat shield forward position is essentially a hemisphere).
The value of Q at an angle of attack of 180 degrees (which resulted from
making the best fit with the test data) was used at the stagnation point refer-
ence value. Fromthis QQ stagnation point reference value the Hy value was
calculated using Equation (2). Figure 18 shows the curves used for
determining Q stagnation point reference value.

LAUNCH CONFIGURATION

Figures 19, 20, and 21 show the effect of service module reaction
control motors on the heating rates on the surface of the launch configu-
ration. The plots are for various Reynolds numbers through an angle-of- ‘
attack range of 0 to 15 degrees. The heating rates on a station (s/r = 2.45)
just forward of the rocket show an increase of approximately four times the
heating rates without rockets. The heating rates aft of the rocket nozzles up
to the beginning of the S-IVB flare are also increased 100 percent. Aft of
the flare the heating is decreased 30 percent, as compared to the heating
rate without the rockets nozzles installed.

The addition of strakes also increases the heating rates, by a factor of
three, on the service module. This effect is shown by comparing the heat-
ing rates at zero angle of attack, with rockets removed on the 0- and
270-degree meridian; the strakes are mounted on the 270 degree meridian,
where the increase is noted.

A more graphic presentation of both of these effects is shown in the
oil flow photographs of the launch configuration and the command-service
module configuration, Figures 22 through 29. These show the flow pattern
developed by the addition of strakes and service module reaction control
motors; the high heating rate areas are the darkened areas aft of the strakes
and just forward of the motors.

®
o -8 - BONFBENTIAL
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. Changes in Reynolds number indicated little or no effect on the pro-
portional increase or decrease of the heating rates caused by the addition of
strakes or the motors.

ENTRY CONFIGURATION

Figures 30 and 31 show the heating rates on the windward side of
strakes at various angles of attack and Reynolds number. The high heating
occurred in the entry range at 151-degrees angle of attack. Reynolds
number has a large effect on the heating rates on the strake when they are
compared to the 180-degree Q stagnation heating rate. At an angle of
attack of 151 degrees and for a Reynolds number of 27,500 per inch, the
Q/Qs equals 0. 17 and for a Reynolds number of 200,000 per inch the
Q/Qs equals 0. 45.

Figures 32, 33, and 34 show the effect of the strakes on the windward

conical region of the command module at entry angles of attack of

i47 +4 degrees. As shown on Figures 30 and 31 the highesi rates occur at

151-degrees angle of attack. There is a definite proportional increase in

afterbody heating with an increase in Reynolds number. By comparin

the heating rates with and without strakes at Reynolds numbers of 27,500,

83,300, and 200,000 per inch, the rates (Q with strake/Q without strake)
. are 1.4, 2.7, and 3.9, respectively, and show an increase with increasing

Reynolds number. As the Reynolds number is increased the high heating

area tends to move more towards the apex.

Figure 35 illustrates the effect of the strake on the heating rates on
the afterbody of the command module at 147 degrees angle of attack. This
graph shows the heating at given s/r's with and without strakes. This
figure also shows the effect of Reynolds number on the afterbody heating.

Figure 36 illustrates the area which is affected by the strake. In the
vicinity of the strake the high heating rates occur at the apex end on the
windward side. The heating rate is about 2 or 3 times higher than the
adjacent area out of the effect of strake.

Figures 37 and 38 present the strake leeward heating rates. This
data was obtained by rotating the model on the sting 180 degrees. The
heating rates with strakes are compared to the rates without strakes. The
heating rates along the 285-degree ray located adjacent to the strake on the
leeward side shows a decrease up to 70 percent over those with the strake
off. The remainder of the rays show a general increase of heating rate up
to 2.4 times that without the strake.

.. "9 SONEBIR-
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Qil flow photographs shown in Figures 39 through 41 show graphically .
the effect of the strake on the flow pattern on the command module afterbody.

The variation of heat transfer rates on the afterbody of the command
module at 147-degrees angle of attack at various yaw angles is shown in
Figures 42 and 43. As the yaw angle increases to 10 degrees,the afterbody
heating rate increases up to 2 times the heating rate for O-degree yaw. As
the Reynolds number increases from 27,500 to 200, 000 per inch,the high
heating area moves toward the apex.

Figures 44 through 46 show the variation in heat transfer rate on the
heat shield face of the command module at various angles of attack and
Reynolds number.

= e SENSSNCT
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COMMBENI
®

1. CONCLUSIONS

The purpose of this report has been to present the results of heat
transfer tests of the spacecraft plus S-IVB adapter incorporating aero-
dynamic strakes. The tests were conducted in TunnelC of the von Karman
Gas Dynamics Facility, AEDC. Some general conclusions based on a
preliminary analysis are summarized below.

LAUNCH CONFIGURATION

1. The service module reaction control motors cause a definite
increase in heat transfer rate just forward of the motors.

[\

The addition of strakes increases the heating rates on the service
module.

3. Changes in Reynolds number appeared to have little or no effect
on the heating rates caused by the addition of strakes or motors.

’ ENTRY CONFIGURATION

1. Highest heating rates on the strakes occur at 151-degrees angle
of attack.

2. Reynolds number has a large effect on the proportional increase
of the heating on the strake and the command module afterbody.

3. With the model at 147-degrees angle of attack and 10 degrees
yaw, the conical surface heating is increased up to twice that of
a 0-degree yaw condition.

' 11 - ~COMRDEATn

SID 63-1135



NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

REFERENCES

1. Biss, W. J. and D. X. Emerson. Experimental Heat Transfer
Distributions over Launch and Entry Configurations of an 0. 045-Scale
Apollo Model (H-2) at Mach Numbers of 8 and 10. NAA S&ID,

SID 62-993 (September 1962)

2. Emerson, D. X. Experimental Heat Transfer Distributions over
Launch and Entry Configurations of 0.045-Scale Apollo Models (H-2)
and (HL-1) at Mach Numbers 2.5 and 3.71. NAA S&ID, SID 63-685
(June 1963)

3. Biss, W. J. Experimental Heat Transfer Distributions over Launch

A Hoe b i
QLI Lsliva ‘]r won

guration of 0. 045-Scale Apollo Models H-2, HL-1 and

HL-1B at Mach Number of 10. NAA S&ID, SID 63-1184.

4. Model Assembly Modification Apollo H-2 and HL-1 Configuration Heat
Transfer Models. S&ID Drawing 7121-01268
‘ 5. Model Installation Apollo H-2 in Tunnels B and C at AEDC. S&ID
Drawing 7121-01256
6. Arnold Center Test Facilities Handbook. January 1961
7. Fay, J. A. and F. R. Riddell. '"Theory of Stagnation Point Heat

Transfer in Dissociated Air,'" Journal of the Aeronautical Sciences.
(February 1958) pp. 73-85

8. Structural Analysis of the 0. 045-Scale Apollo Heat Transfer
Model (H-2). NAA S&ID, SID 63-616 (11 May 1962)

9. Udvardy, G. A. Pretest Information for Heat Transfer Tests of the
0. 045-Scale Model with Strake (H-2 and HL-1B) in AEDC-VKF,
Tunnel C. NAA SID IOL 223-140-63-023 (March 1963)

10. Lees, L. "Laminar Heat Transfer Over Blunt-Nosed Bodies at
Hypersonic Flight Speeds,' Jet Propulsions, Vol. 26, No. 4
(April 1956), pp. 259-269, 274

- 13- TG

SID 63-1135




NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

SR >. v

Table 1. Basic Model Dimensions (Scale 0.045)

Item Full Scale Model Scale

COMMAND MODULE (C,) (DRAWING 7121-01254-8)

Maximum Diameter, in. 154. 000 6.93
Radius of Spherical Blunt End, in. 184.800 8.316
Corner Radius, in. 7.700 0. 346
Afterbody Semi-angle, deg 33° 00' 33° 00’
Afterbody Vertex Radius, in. 9,155 0.412
Length of Body, From Apex to Center 142.538 6.4142
of Entry Face, in.

Distance From Apex to Center of Launch 7.644 0.344
Face, in.

TOWER STRUCTURE (T27) (DRAWING 7121-01093)

Length, in. (rocket base to command 120. 000 5.400
module attach point)

Number of Longitudinal Members 4 4

Diameter of Longitudinal Members, in. 4.000 0.180
Diameter of Cross Braces, in. 2.670 0.120
Distance Between Attach Points at
Command Module:
Pitch Plane 46. 840 2.108
Yaw Plane 50. 666 2.280
Distance Between Attach Points at
Escape Motor:
| Pitch Plane 23.000 1.035
Yaw Plane 36. 066 1.623
ESCAPE MOTOR (E43) (DRAWING 7121-01093-3)
Total Length, in. 279.500 12. 577
Diameter of Motor, in. 26.000 1.170
Maximum Diameter of Skirt, in. 54.820 2.467
Skirt Flare Angle, deg 36° 55! 36° 55'
Nose Included Angle, deg 30° 00' 30° 00!
Nose Radius, in. 2.000 0.090

e r
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‘ Table 1. Basic Model Dimensions (Scale 0.045) (Cont)

SERVICE MODULE (S,) (DRAWING 7121-01268)

|
|
|
|
|
Item Full Scale Model Scale
|

Total Length, in. (measured at tangent 154,534 6.954
point to command module)
Diameter, in. 154, 000 6.930

SERVICE MODULE PLUS ADAPTER (S¢) (DRAWING 7121-01254-2 (3))

Service module

Total Length, in. 140. 000 6.300

Diameter, in. 154, 000 6.930
Adapter

Total Length, in 135, 0060 6.075

Diameter, in. 154.000 6.930

INSTRUMENT SECTION (I;) (DRAWING 7121-01261~11)

|

l
‘ Total Length, in. 58. 000 .610
Diameter, in. 154. 000 6.930

[\N]

SATURN S-IVB STAGE (Bg) (DRAWING 7121-01264-2)

Length, Model, in. 250. 000 11.250
Maximum Diameter, in. 260.000 11.700
Flare Angle, deg 25.000 25,000
Flare Length, in. 125. 000 5.644

STRAKE (L,g) (DRAWING 7121-01268)

Length, in. 96.400 4, 342
Maximum Width, in. 12. 000 0. 540
Slant Angle, deg 10.250 10.25
SERVICE REACTION CONTROL MOTORS (Rg) (DRAWING 7121-01268)
Maximum Diameter, Nozzle, in. 5.622 0.253
Length, Nozzle, in. 9.889 0. 445
Diameter, Exit, in. 5.622 0.253
Overall Length From Nozzle Exit to 31.422 1.414
Nozzle Exit
Overall Width From Nozzle Exit to 26.644 1.199
‘ Nozzle Exit
Maximum Height, in. 10.978 0.494
Lo T - LN
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Table 2. Thermocouple Dimensional Location = H2 (CZ)
T/C T/C
No. s/r Thickness (ft) No. s/r! Thickness (ft)
1 0 0. 00300 41 1. 140 0.00320
2 0. 401 0. 00356 42 1,083 0.00349
3 0. 819 0. 00320 43 1.140 0.00320
4 0. 883 0.00314 44 1.373 0.00332
5 0. 927 0. 00296 45 1.772 0.00328
6 0. 972 0. 00296 46 2,115 0.00334
7 1. 020 0. 00279 47 2. 460 0.00325
8 1.083 0. 00349 48 1.083 0.00349
9 1.140 0. 00326 49 1.140 0.00320
10 1.373 0.00329 50 1.373 0.00332
11 1,772 0.00335 51 1.772 0.00328
12 2,115 0. 00337 52 2,115 0.00334
13 2. 460 0. 00327 53 0. 401 0. 00360
14 2. 880 0. 00327 54 0.819 0.00319
15 1.083 0. 00349 55 0. 927 0.00298
16 1.083 0.00349 56 0. 972 0.00296
17 1.083 0. 00349 57 1.020 0.00334
18 1. 140 0. 00320 58 1.083 0.00347
19 1.373 0. 00332 59 1.140 0.00325
20 1.772 0. 00329 60 1.373 0.00327
21 2,115 0.00334 %61 0.250 0.00350
22 2. 460 0.00324 %62 1.701 0.00295
23 1.083 0. 00349 %63 0.253 0.00337
24 1.373 0.00328 *64 0. 451 0.00342
25 1,772 0.00332 *65 0.653 0. 00347
26 2.115 0.00335 *66 0. 851 0. 00346
27 2. 460 0.00329 *67 1,254 0.00320
28 1.083 0. 00349 *68 1.371 0.00296
29 1.140 0. 00320 *69 1. 431 0.00296
30 1.373 0.00332 *70 1.629 0.00348
31 1.772 0.00328 %71 0.251 0.00320
32 2,115 0. 00334 *72 1.083 0.00279
33 2. 460 0. 00325 *73 1.280 0.00348
34 1.083 0. 00349 *74 0.254 0.00312
35 1.140 0. 00320 *75 0. 484 0.00296
36 1.373 0.00332 *76 0. 823 0.00349
37 1.772 0.00328 *77 0.145 0.00304
38 2,115 0.00334 *78 0.290 0.00298
39 2. 460 0. 00325 *79 0. 422 0.00297
40 1,083 0. 00349 %80 0.504 0.00297

- 16 -
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Table 2. Thermocouple Dimensional Location - HZ. (Cz) (Cont)
T/C T/C
No. s/rt Thickness (ft) No. s/r! Thickness (ft)
*81 0. 603 0, 00349 408 2, 367 0.00165
*82 0. 416 0. 00349 409 2. 310 0.00165
410 2.252 0.00164
401 2. 435 0.00168 411 2.194 0. 00167
402 2.310 0. 00165 412 2.136 0.00167
403 2,194 0. 00167 413 2,079 0.00167
404 2.079 0. 00167 414 2.021 0.00167
405 1,829 0.00167 415 1,963 0.00168
406 1.713 0.00168 416 2, 310 0.00164
407 1,597 0.00171 417 1.828 0.00168
' = 3,465

*s Value measured from T/C No. 4.

- 17 -
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Table 3, Thermocouple Dimensional Location - H2 (C2 SZ)

T/C T/C
No. s/z' Thickness (ft) No. s/r! Thickness (ft)
1 0 0.00328 42 0.870 0.00321
2 0.1157 0. 00294 43 1.259 0.00327
3 0. 250 0.00319 44 1. 650 0.00328
4 0. 483 0. 00321 45 1.772 0.00331
5 0. 870 0. 00320 46 2.240 0.00337
6 1,259 0. 00326 47 3. 025 0.00342
7 1. 650 0.00325 48 0.870 0.00317
8 1. 772 0. 00337 49 1.259 0.00326
9 1,920 0.00342 50 1. 650 0.00332
10 2,240 0. 00345 51 1,772 0.00332
11 2.636 0.00348 52 1. 920 0.00339
12 3. 025 0. 00347 53 2.240 0.00337
13 3. 415 0. 00347 54 2.636 0.00337
14 0.1157 0.00295 55 3.025 0.00327
15 0. 250 0. 00321 56 3. 415 0.00340
16 0. 483 0, 00318 57 0.1157 0.00296
17 0. 870 0.00321 58 0.250 0.00319
18 1.259 0.00324 59 0.483 0.00321
19 1. 650 0.00327 60 0. 870 0.00321
20 1,772 0. 00339 61 1.259 0.00323
21 0. 483 0. 00317 62 1. 650 0.00324
22 0. 870 0.00324 63 1,772 0.00337
23 1.259 0. 00325 64 2.240 0.00343
24 1. 650 0. 00329 65 3. 025 0.00344
25 1.772 0.00333 66 0.1157 0.00296
26 1. 920 0.00342 67 0.250 0.00310
27 3. 025 0.00342 68 0. 483 0.00321
28 3. 415 0.00342 69 0.870 0.00321
29 0. 870 0, 00320 70 1.259 0.00327
30 1,259 0.00324 71 1. 650 0.00331
31 1.650 0. 00327 72 1.772 0.00338
32 1,772 0. 00333 73 1. 920 0.00340
33 2.240 0. 00336 74 2.240 0.00342
34 3. 025 0. 00337 75 3. 025 0.00342
35 1.259 0. 00296 76 3. 415 0.00343
37 1.250 0.00312 77 2.636 0.00336
38 1.920 0.00338 78 3. 025 0.00340
39 2.240 0.00341 79 3. 415 0.00341
40 3. 025 0. 00346 80 2.240 0.00342
41 3,415 0.00343 81 2. 636 0.00336
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Table 3. Thermocouple Dimensional Location - H2 (C2 SZ) (Cont)
T/C T/C
No. s/r! Thickness (ft) No. s/r! Thickness (ft)
82 3. 025 0.00337 408 0.513 0.00169
83 3. 415 0. 00340 409 0.570 0.,00171
410 0. 628 0.00171
401 0. 445 0.00169 411 0. 686 0.00171
412 0.744 0.00171
403 0.636 0.00169 413 0. 801 0,00171
404 0. 801 0.00169 414 0.859 0.00169
405 1,051 0.00169 415 0. 917 0.00170
406 1.167 0.00169 416 0.570 0.00167
407 1,283 0,00172 417 1,052 0.00171
o A -19- ~GokERRMN
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Table 4. Thermocouple Dimensional Location - HL-1B
T/C T/C
No. s/zr' Thickness (ft) No. s/r' Thickness (ft)
1 0.4l11 0. 00342 49 1.307 0.00337
2 0.711 0.00342 50 1. 641 0.00339
3 1,307 0. 00342 51 1.772 0.00342
4 1. 641 0.00342 52 2. 466 0.00342
5 1. 772 0.00358 53 3.009 0.00333
6 2,466 0.00337 54 3.393 0.00329
7 3. 009 0. 00336 55 3.777 0.00323
8 3. 393 0.00333 56 0.411 0.00314
9 3.777 0.00333 57 0.711 0.00327
10 5. 323 0.00334 58 1.088 0.00335
14 1.088 0.00342 59 1. 307 0.00336
15 1. 307 0. 00342 60 1. 641 0.00337
16 1. 641 0. 00342 61 3.009 0.00332
19 0. 411 0. 00311 62 3.393 0.00329
20 0.711 0. 00326 63 3. 777 0.00323
21 1. 088 0.00331 64 1.088 0.00342
22 1, 307 0.00333 65 1. 307 0.00342
23 1. 641 0. 00328 66 1. 641 0.00342
24 3.009 0.00333 69 0.411 0.00342
25 3.393 0. 00325 70 0.711 0.00342
26 3. 777 0. 00327 71 1. 307 0.00341
27 0. 711 0. 00326 72 1. 641 0.00342
28 1.088 0. 00331 73 3.777 0.00329
29 1. 307 0.00336 74 5.323 0.00334
30 1,641 0. 00337 7 3. 009 0.00339
31 1,772 0.00342 78 3. 393 0.00335
32 2. 466 0. 00337 79 3.777 0.00329
33 3. 009 0.00338 80 2. 466 0.00343
34 3. 393 0.00333 81 3.009 0.00339
35 3. 777 0.00319 82 3. 393 0.00336
36 1. 307 0.00332 83 3.777 0.00333
37 2, 466 0.00341 337 7.168 0.00375
38 3. 009 0.00333 339 8.113 0.00383
39 3.393 0.00331 340 8.618 0.00375
40 3.777 0.00328 342 7.168 0.00387
41 4, 162 0.00321 344 8.113 0.00385
42 4, 555 0.00332 347 7.168 0.00375
43 5. 323 0.00338 349 8.113 0.00384
47 0.711 0.00329 350 8.618 0.00354
48 1,088 0.00335 352 7.168 0.00366
20 OV
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‘ Table 4, Thermocouple Dimensional Location - HL-1B (Cont)
T/C T/C
No. s/t Thickness (ft) No. s/r' Thickness (ft)
354 8.113 0.00383 408 0.513 0.00165
357 7.168 0. 00365 409 0.570 0.00168
359 8.113 0.00358 410 0. 628 0.00162
411 0. 686 0.00168
401 0. 455 0.00169 412 0. 744 0.00167
402 0.570 0.00167 413 0. 801 0.00169
403 0. 686 0. 00167 414 0. 859 0.00167
404 0. 801 0.00168 415 0.917 0.00168
405 1.051 0. 00167 416 0.570 0.00156
406 1,167 0.00168 417 1.052 0.00167
407 1.283 0. 00171
r' = 3,465
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Figure 1. Typical Launch and Entry Trajectories
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‘ Figure 3. Configuration Tested with NAA and AEDC Designations
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Figure 4. Photos of Launch Configuration With and Without Service
Module Reaction Control Motors (E43T27C2L28R5S(31138)
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Figure 5. Photos of Command-Service Module Shown With Strakes and With
and Without Service Module Reaction Control Motors (C2L;8S2Rg)
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Figure 6. Photos of Command-Service Module With Boundary
Layer Trip (C2L28S2+t16)
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Figure 7. Photos of Entry Configuration With Strakes and Steel Balls
Mounted on Entry Face to Simulate Roughness (C2L28+tr15)
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Figure 8.

Photos of Entry Configuration (C,) With Sting Attachment
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Figure 13. Photos ot Instrumentation Entry Configuration (C;)
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Figure 14. Sting Arrangement and Angle-of-Attack Range for the .

Entry Configuration (C2)
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Figure 15. Photos of Launch Configuration Installed
. in Tunnel (E43T7C,L,gS¢I; Bg)
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Effect of RCS Motors on Launch Configuration Heating Rates

With Strakes (E43T7C,L2gS¢Rs5I) Bg) (Re/in.

Figure 19.
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Figure 21. Effect of RCS Motors on Laﬁnch Configuration Heating Rates
With Strakes (E43T27C2L2856R511B8) (Re/in. = 166, 000)
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Figure 30, Heating Rates on Windward Side of Strake Versus Angle of
Attack (C, Configuration) (Re/in. = 27, 000)
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Figure 31. Heating Rates on Windward Side of Strake Versus Angle of
o Attack (C, Configuration) (Re/in. = 200, 000)
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Figure 32, Effect of Strakes on Windward Afterbody Heating Rates Near
Entry Angle of Attack (C, configuration) (Re/in. = 27, 500) ‘
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Figure 33. Effect of Strakes on Windward Afterbody Heating Rate Near
.» Entry Angle of Attack (C, configuration) (Re/in. = 83, 300)
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Figure 34, Effect of Strakes on Windward Afterbody Heating Rates Near
Entry Angle of Attack (C, configuration) (Re/in. = 200, 000) .
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Figure 36. Mapping of the Command Module Afterbody Heating Rate
Ratio (H/Hy) (Re/in. = 200, 000) (a = 147°)
- 62 - GON BN

SID 63-1135




NORTH AMERICAN AVIATION, INC.

(oL¥1 =2) (00§ ‘LZ = "w/3Y)
s9yeIIS IMOYII M Pue Uil |\ oliey SuljesH Apoqiayy pIlemasdr]

*Lg 2andig

SPACE and INFORMATION SYSTEMS DIVISION

T
1T
v 3
m
L Il 1
T ™
T I
e
- et
1l T - Cugamacisusug_csen
i : I 1
(111 Tt ey
T n| e .
—Hl_d——— 1
S 3 H oo = 1
413 1 L o
T i
(1] H HH » 1] i T InE EaSE -p.
1 ! iiiitiiioE 3
Tt ml &rnp » S R >
BN W ol o=t H i IM el asaw
1 T j‘. iAnEN
] 1 I i ) I ¥
7 H H 1 i
7 HTH
! ] P=aws anmEn 3
R " N
el o 2| i -
-
sau r. b +
T
Shs
»
1R
r .@—
} Y
k|
»
H
(
I
 anwal
u % T T
1T 1T
B Il
__ 15
] L)
T
i
T I
i t
; 1
t v
T 7
1 ym 1
H H- t ag T
Hi 1t )% m; il it rw o

- 63 -

‘.

B emsenTe

SID 63-1135



NORTH AMERICAN AVIATION, INC.

(oL¥1 =0) (000 ‘007 = *ut/2y)
SoYeJI]S INOYIT M PU®' UITp O13ey 8uljesl] ApoQqIayy pPIeMII]

SPACE and INFORMATION SYSTEMS DIVISION

1 B8N 11 1 1 4 1 ) B
I T T T T T 1 T 17 it
besesasidasesn Xt Lonsc faRed “ W
; T t : ianm. T 1 1
T = " ’n
it et a5 j
SN EEDDE B 1 T
'8 B 1 hnd
T - T T T
: I 8 . i s
! 1 1 i
1 4 + +
T t ] I i
s L 1 " " " ¥ T
I f T 117
T » " 1 "
" t T
i wwwi 5 ] W T
T T » +
i sanuy T 1
b * wis i
T T 9
i 1§ SEpEE
+ 1 u i
. t u | i T 1 11
H I
! |
1 ; weZan ] B v s g
I . 1 .y
1 T T § T H T
1 ul T H ui 1 = shus
¢ 1
z e "
2! - ! H ) ML TH
i Ene
-+ : i, Hi T
4 t T Tw t T
| T N T " imue om -
1 T ) T
ue ] I
; t 11
T T T T
HT T + HH H 1 T
T t 1 1
T
T 7 T
I 1
i L 1 1
T
n
t .
+ )n ma
N A
> {1 ISR N
s L t
m
T
T
ny
T
:
T T
T IS S
T et
T ;
I
t I
! I T T 113
] 1 T
{ 15
T
ms
) - I
1
1
i
o\
T
1
1
3
I
T
I
UNNENE U EAES RRSNERE
ERENES ANBES ARERE Ll

SID 63-1135




SPACE and INFORMATION SYSTEMS DIVISION

(@

NORTH AMERICAN AVIATION, INC.

-t AW

(006 ‘L2 = *u1/ay) *deny jo a18uy s8a139Q-Ly1 Ie soells
yp uorjeandiyuor Axjui jo sydexSojoyqg molqg IO JO sojoyd °6¢ 2an3tig

¥00£91 = ©L 0= ¢
=W VISd §lZ =°d oll =
MIIA dOL

23S 0°4 =~ IWIL
d3HSITEVLSI SYM NuEILlvd MO ¥31dV

M3IIA 3dIS
[4

€

L

MIIA 3dIS

i
o]
Ll

Yo 0491 -
0°0l =W VISd 61

0= A.
°d oLVl =

i

MIIA dO1

0 == IWILL
TINNNL OLNI AYLNT TVILINI

Vo]
o™

—

o
e

A
0

LD
/U

L3



SPACE and INFORMATION SYSTEMS DIVISION

NORTH AMERICAN AVIATION, INC.

(006G ‘L7 = *ut/ay) se2132Q 081

POTIOY T9POJN Pu® o'}y JO a18uy sa2133(Q-LH1 1e S3NRIIS
Yyt uorjeandiyuo) Arjuyg jo sydeadojoyd morq TiO O so03oyd ‘0¥ oan31 g

M3IIA 3418
8

¥o0491 =©L 08l = ﬂ
0°0L =W VISd Gl =0d oVl =
M3IA dO1L

23S 0°v = IWIL
d3HSIT8VLSI SYM NYILLVYd MOTd ¥31ldv

M3IA 3dIS

¥o0L91 =01 oow_, = Av
0°0L =W VISd SlZ =°d ol¥l =
M3IA dOL

0~ IWIL
TINNNL OLNI AYLNI TVILINI

- 66 -

SID 63-1135




o

(006G ‘LZ = *ur/ay) seaa8aQ
081 PRI[OY TePON pue o)y jo a18uy sea18o -, 1 I® SodeIlS
oyt uotgeansiyuoy Aajug jo syderSojoyd morg (10 Jo sojoyd ‘1% oandig

DIV

SPACE and INFORMATION SYSTEM

MIIA 3QIS
{1 B

M3

A 3dIS

400291 =©L 008l =¢ ¥o049L =°L 508l = ¢

0°0L =W VISd S1Z =94 ol¥l =0 0°0lL =W VISd GlZ = ©°d ol¥l = o

) M3IA dO1 MIIA dO1L
z
z
o
T
g
>
q
p4
g
o
x
11}
s
g
I

e 2150y IWIL 0 IWIL

m Q3HSITEVLSI SYM N¥ILLYd MOT4 3314V TINNNL OLNI AYLNT IVILINI

»




NORTH AMERICAN AVIATION, INC. /@ SPACE and INFORMATION SYSTEMS DIVISION

SOSHEDENTRE

Figure 42. Variation of Heat Transfer Rate on Afterbody of Command
Module at 147-Degrees Angle of Attack at Various Yaw Angles
(Re/in. = 83, 300)
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Figure 43, Variation of Heat Transfer Rate on Afterbody of Command
Module at 147-Degrees Angle of Attack at Various Yaw Angles
(Re/in. = 200, 000)
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Variation of Heating Rates on the Command Module Entry Face
at Various Angles of Attack (Re/in.

Figure 46,
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